In plants, low fluences of ultraviolet-B radiation (UV-B; 280-320 nm) trigger the activation of protection mechanisms and various photomorphogenic responses. We established a novel screen to isolate Arabidopsis T-DNA mutants (uli, UV-B light insensitive) with reduced sensitivity towards UV-B light-mediated inhibition of hypocotyl growth. One of the mutants, uli3, shows also a reduced sensitivity of UV-B-induced gene expression events and was, therefore, chosen for further investigation. The ULI3 gene encodes an 80-kDa protein with potential domains for heme-and diacylglycerol-binding. In transiently transfected protoplasts, the ULI3:GFP fusion protein is localised in the cytoplasm but also adjacent to membranes. In etiolated Arabidopsis seedlings irradiated by UV-B, ULI3 mRNA expression is strongly up-regulated. This is caused by elevated transcription as demonstrated using stable transformants where a GUS-reporter was driven by the ULI3-promoter. ULI3 is preferentially expressed in the outer cell layers in leaves, stems and flowers, but not in roots. There is evidence that ULI3 represents a specific component involved in UV-Bmediated signal transduction in higher plants.
Introduction
Over the past decades, rising UV-B fluence rates at the earth's surface caused by stratospheric ozone depletion have substantially increased interest in understanding UV-B light signal perception and transduction. High UV-B fluence rates directly damage DNA, membranes and proteins in all organisms. However, low UV-B fluence rates can stimulate distinct mechanisms counteracting such damaging effects as well as UV-B responses that are not related to UV-protection (Herrlich et al., 1997) . Some of these processes, which are specifically activated by irradiation in the UV-B range (280-320 nm) are mediated by signal transduction cascades acting independently of DNA damage (Herrlich et al., 1997; Jansen et al., 1998) . This has been shown for UV-B-induced cytosolic signalling in mammalian and yeast cells (Devary et al., 1993; Engelberg et al., 1994) . Increasing evidence including data from Arabidopsis mutants defective in DNA repair (Kim et al., 1998) indicates that in plants UV-B signalling can also act independently from DNA damage (Batschauer et al., 1996; Frohnmeyer et al., 1999; Green and Fluhr, 1995) . The best characterised UV-B-mediated responses in Arabidopsis thaliana are the inhibition of hypocotyl growth in seedlings, the biosynthesis of UV-absorptive secondary metabolites such as flavonoids or sinnapate esters and the concomitant stimulation of related gene expression events (Boccalandro et al., 2001; Christie and Jenkins, 1996; Kim et al., 1998; Landry et al., 1995; Li et al., 1993) .
The isolation of Arabidopsis mutants with altered sensitivity to a given wavelength in the visible spectrum of sunlight has been a powerful approach in the understanding of photomorphogenesis. These mutants were either defective in the corresponding photoreceptor or in related signal transduction elements (Cashmore et al., 1999; Dieterle et al., 2001; Smith, 2000) . Some of the known photoreceptors have some influence on UV-A-(320-360 nm) and, to some extent even on UV-B-mediated responses. Especially the photoreceptors detecting B/UV-A wavelenghts but also the red-absorbing phytochromes seem to be involved in modulating UV-B responses as has been shown, for example, for the UV-B-induced expression of the chalcone synthase in various plant species (Frohnmeyer et al., 1992; Fuglevand et al., 1996; Ohl et al., 1989) and for the opening of cotelydons in Arabidopsis seedlings (Boccalandro et al., 2001) . With respect to UV-B wavelength genetic screens for loci affecting the UV-B responsiveness in A. thaliana focused on mutants with defects in their DNA damage repair system or in the synthesis of phenolic sunscreens (Landry et al., 1995; Landry et al., 1997; Li et al., 1993) . As white light supplemented with UV-B was used for the selection of these mutants, the simultaneous activation of other photoreceptor systems is likely. This might have excluded the isolation of mutants with defects in UV-B perception or related signal transduction. However, these screens were intended to isolate UV-B hypersensitive mutants with reduced tolerance to UV-stress, which are valuable tools to investigate UV-B-mediated damage responses. In a different approach, Bieza and Lois (2001) described the isolation of a dominant UV-B tolerant mutant exhibiting increased levels of phenolic sunscreens. No other UV-related phenotype has been observed in this mutant.
However, no mutant impaired in the perception or the transduction of UV-B has been described so far. Therefore, we ventured to isolate UV-B hyposensitive mutants by irradiating etiolated seedlings from Arabidopsis T-DNA collections with repetitive low fluence UV-B pulses. In the present work we describe one of the mutants recovered from this screen, uli3 (UV-light-insensitive3) that was impaired in several UV-B responses and, therefore, analysed in more detail.
Results

Identification of UV-B hyposensitive uli mutants
To set up the screen the UV-B dose had to be optimised such that it inhibited hypocotyl elongation without triggering damage responses. For this purpose Arabidopsis seedlings that had been grown for 24 h in darkness, were irradiated with UV-B pulses with constant fluence rates for 2-10 min and then returned to darkness. This UV-B treatment was repeated 24 h later and the final length of the hypocotyls was measured 24 h after this second treatment (Figures 1a,b) . Under these conditions hypocotyl growth in the wild type was inhibited in correlation with the duration of the UV-B pulse (Figure 1b) . Pulses of 10 min were most effective in terms of growth inhibition but caused also obvious damage such as curling of hypocotyls and reduced root growth (not shown). In contrast, 5 min UV-B pulses were sufficient to cause about 40-50% inhibition of hypocotyl growth without visible signs of DNA damage. To assess the influence of DNA photolyases or the B/UV-A photoreceptors, we tested the effect of UV-A irradiation applied directly after the UV-B pulses (Figure 1a) . However, one hour of UV-A irradiation applied by itself or in addition to the UV-B pulses did not affect hypocotyl length of wild-type seedlings under our experimental conditions (Figure 1b) . Nevertheless, for the screening ( Figure 1a ) the UV-A treatment was included to ensure the activation of photolyases that remove residual DNA damage.
In order to investigate if other photoreceptors of the phytochrome or cryptochrome families are activated by the UV-B pulse regime and affect the hypocotyl response, we irradiated different photoreceptor-deficient mutants according to our screening program (5-min UV-B followed by 1 h UV-A per day) and measured their hypocotyl length after the second dark period (Figures 1a,c) . Under our experimental conditions, the inhibition of hypocotyl growth by UV-B is obviously not mediated by phytochromes and B/UV-A photoreceptors, as the photoreceptor-defective mutants phyA, phyB, phyA/phyB and cry1 exhibited similar hypocotyl growth as the wild type (Figure 1c) . Subsequent experiments, using nph1, cry1cry2 and phyAphyBcry1 mutants, confirmed that low doses of UV-B are not mediated by these photoreceptors (data not shown). These data, which are confirmed by recent physiological studies (Boccalandro et al., 2001) , suggest strongly that the UV-Bmediated inhibition of hypocotyl growth in etiolated seedlings is exclusively dependent on the action of a UV-B photoreceptor.
For the screening, we choose 5-min pulse irradiation given every 24 h. Under these conditions, the daily exposure to UV-B is equivalent to a UV-B dose of 0.26 kJ UV-B BE m À2 day À1 which is lower than the UV-B exposure currently encountered in the Northern mid-latitudes (Ries et al., 2000a) . The UV-B pulse irradiation regime (including a subsequent 1 h UV-A exposure) was used to screen a population of 8000 T-DNA mutagenised plants and led to the isolation of four different UV-B hyposensitive lines (Figure 2a , uli ). All mutant lines were found to be recessive (data not shown) and all exhibited longer hypocotyls than the corresponding wild type after exposure to UV-B (Figure 2a ). We then tested the efficiency of long and short wavelengths within the UV-B range on hypocotyl (b) Hypocotyl lengths of wild type (Ws), uli1.1, uli1.2, uli2 and uli3 after UV-B or UV-A treatment or after growth in darkness. The light treatment was performed with 5 min UV-B pulses under the conditions described in Figure 1 (a). Different ranges of UV-B wavelengths (>280, >295, >305, >327 nm) were created by using cut-off filters. (c) Relative hypocotyl length of wild type and uli mutants after 3 day continuous irradiation with UV-A (cUV-A), red (cR), far-red (cFR) or blue (cB) light. The hypocotyl length of each line is given relative to the length in darkness that was set as 1. All data (n ¼ 90) represent mean and error bars give standard errors. growth inhibition in the mutants and the wild type ( Figure 2b ). We found that in contrast to wild-type seedlings uli mutants are insensitive to UV-B longer than 295 nm, since removal of wavelengths shorter than 295 nm from the light source by using cut-off filters resulted in an almost complete loss of growth inhibition. Moreover, the residual inhibition of hypocotyl elongation in uli mutants is completely due to UV-B wavelength below 295 nm and under these conditions still much less pronounced than in the corresponding wild type (Figure 2b ). The hyposensitivity of the mutants is specific for UV-B wavelengths and not mediated by other photoreceptors, as no phenotypes with long hypocotyls were detectable in dark-grown seedlings after exposure to continuous UV-A, blue, red or far-red light ( Figure 2c ).
uli3 is affected in several UV-B-mediated responses
A mutation that affects upstream elements of UV-B signalling is expected to impair several UV-B-mediated responses, whereas mutations that are located downstream in the signalling cascade should not alter other UV-B responses. We therefore tested, whether the uli lines are impaired in UV-B responses other than hypocotyl growth. As shown below, we found that this criterion holds only for uli3, whereas in the other uli mutants the phenotype was limited to hypocotyl growth (not shown). We, therefore, focused on the uli3 mutant. Initial characterisation of the other three mutants showed that ULI1.1 and ULI1.2 were allelic with single T-DNA insertions linked to the phenotype of uli1 at the same locus on chromosome 2 (BAC clone F15L11). Data bank searches indicated an ORF with low homology to a putative non-LTR retroelement reverse transcriptase near the T-DNA insertion site. The T-DNA insertion site of ULI2 is still unknown.
In uli3 mutants, the expression of UV-B-induced genes was determined in more detail in seedlings that were either kept in darkness or irradiated for 3 days with UV-A or with UV-B supplemented with UV-A. The result of a typical gene expression experiment is shown in Figure 3 (a). In the wild type, UV-B strongly induced the accumulation of chalcone synthase (CHS) mRNA whereas this stimulation was strongly reduced in uli3. The residual induction of CHS expression in the mutant might be due to the action of other photoreceptors that are activated by UV-B due to the long irradiation period (72 h). It has been shown that continuous irradiation of etiolated seedlings with UV-B can induce phytochromes to a photoequilibrium of 50-70% (Jabben et al., 1982) . The reduced CHS expression in uli3 is mirrored by a significantly reduced anthocyanin content, although this effect was less pronounced as compared to CHS expression (Figure 3b ). UV-A irradiation alone caused a weak CHS stimulation in wild-type seedlings which was reduced in uli3 (Figure 3a ). This reduced CHS expression was not reflected by anthocyanin levels (Figure 3b) . However, UV-A irradiation resulted in a less pronounced difference between wild type and mutant. This finding suggests that the impaired response of uli3 is specific for UV-B. Under the same irradiation regime, we also examined the expression of PR-1 and NDPK1a, which are involved in pathogen defence and in histidine biosynthesis (Green and Fluhr, 1995; Zimmermann et al., 1999) . Consistent with the results of the CHS stimulation, both genes were strongly induced in the wild type upon UV-B irradiation while their expression was considerably reduced in uli3 seedlings (Figure 3a) . Remarkably, the induction of PR1 was confined to UV-B while UV-A was not effective. The corresponding mRNA of this gene with a very tight UV-B requirement was hardly detectable in UV-B treated uli3. NDPK1a mRNA was chosen as an intermediate gene with a weak constitutive expression in dark-grown seedlings, which is stimulated by UV-B and UV-A after long-term treatment. Similar to CHS, the mRNA accumulation was reduced in the uli3 mutant and the reduction was more pronounced when UV-B was present as compared to UV-A alone (Figure 3a) .
Identification of the uli3 locus
The genomic fragment flanking the T-DNA in uli3 was isolated by plasmid rescue as described in Experimental Procedures. The sequence is identical to the P1 clone MMN10 and is located 22 kb from the ARA3 gene on chromosome 5 (Figure 4a ). Database analyses indicate that ULI3 shares an 80% homology to a sequence on chromosome 4, while no other homologies were found in other organisms. The mutant uli3 allele contains a single T-DNA insertion 120 bp upstream of an open-reading frame (Figure 4a ). The ORF of ULI3 lacks any introns and comprises 2133 bp (GenBank accession no. AF321919) as confirmed by Northern blot analyses (Figure 5a ) and by the description of an expressed sequence tag (AV537547), encoding only 514 bp of the ULI3 3 0 region. The predicted 80-kDa ULI3 protein (Figure 4a ) exhibits 27% amino acid homology to a human 80-kDa diacylglycerol kinase. In fact, the N-terminus contains one C1-domain known to bind diacylglycerol (DAG; Caloca et al. 1999; Oancea and Meyer, 1998) . However, no obvious kinase domain could be detected by homology search of the ULI3 sequence. In addition to the DAG-binding domain, the N-terminus harbours two binding sites for heme chromophores known from cytochrome P450 proteins (Chapple, 1998; Figure 4a ). However, the homology of ULI3 to cytochrome P450 proteins is confined to these binding sites. The C-terminus of the predicted ULI3 protein contains an aspartic acid-rich domain that has been described to participate in protein-protein interaction in various plant proteins involved in transcriptional regulation (Ludwig et al., 1989; Wu et al., 2000) .
The uli3 mutation could be complemented by transformation with a 35S-promoter:ULI3-ORF:NOS-terminator construct as well as by a genomic fragment including the putative ULI3-promoter and terminator regions. uli3 lines transformed with these constructs exhibited an enhanced UV-B light sensitivity and are indistinguishable from wildtype seedlings under screening conditions (Figures 4b,c) . Thus both, the genomic fragment and also an overexpressed ULI3-ORF restored the wild-type phenotype.
The expression of ULI3 is stimulated by UV-B While the ULI3 ORF remains intact in the mutant, the close insertion of the T-DNA adjacent to the 5 0 -end of the translational ATG destroys the integrity of the promoter architecture. As a consequence, ULI3 mRNA expression is not detectable in dark-grown and light-treated uli3 mutants (Figure 5a ). In contrast, ULI3 is already expressed at a low level in dark-grown wild-type seedlings and is strongly stimulated after continuous irradiation with UV-B. Irradiation by UV-A alone led to a less pronounced induction of ULI3 mRNA (Figure 5a ). In addition, the transcription of ULI3 was also stimulated in wild-type seedlings grown under screening conditions (Figure 5b ). Kinetic studies under these conditions showed, that the amount of ULI3 mRNA increases within 2 h after the second UV-B pulse and remained elevated during the subsequent 24 h.
ULI3 is localised in the cytoplasm and adjacent to the plasma membrane
To investigate the subcellular localisation of the protein, the coding region of ULI3 was translationally fused to green fluorescent protein (GFP) and transiently transfected into (b) Representative phenotypes of wild type (Ws), of uli3, uli3 lines transformed with the genomic ULI3 gene (ULI3:ULI3; five lines in total) and uli3 lines transformed with a construct for the overexpression of ULI3 cDNA (35S:ULI3; 25 lines in total) after UV-B irradiation under screening conditions. All seedlings were grown for 24 h in darkness and then irradiated with 5 min UV-B pulses followed by 1 h UV-A as described in Figure 1 parsley protoplasts. ULI3:GFP appeared mainly in the cytoplasm and also seemed to be attached to plasma membranes while the fusion protein was extruded from the nucleus (Figures 5c,d) . Since ULI3 encodes a conserved 50 amino acid stretch with all features of a C1 domain and DAG binds to the C1 domain of human protein kinases binding to cellular membranes (Caloca et al., 1999) this intracellular distribution of ULI3:GFP might be related to the C1 domain of ULI3 (Caloca et al., 1999; Oancea and Meyer, 1998) .
UV-B pulses induce the ULI3-promoter
To analyse the light regulation and tissue specificity of ULI3 expression Arabidopsis wild-type plants were transformed with a full-length ULI3-promoter fused to a b-glucuronidase (GUS) reporter gene. Histochemical analyses (Figure 6a ) and quantitative GUS assays (Figure 6b) confirmed the mRNA accumulation studies (Figure 5 ), as the ULI3-promoter:GUS fusion was strongly induced by UV-B in both cases. As shown in Figure 6 (a), ULI3:GUS accumulated in hypo- Figure 5 . UV-induced ULI3 expression in seedlings and subcellular localisation of the ULI3:GFP fusion protein in protoplasts. (a) RNA gel-blot analysis of ULI3 mRNA accumulation in wild type (Ws) and uli3 seedlings. Seedlings were grown in darkness for 3 days (D) or transferred to continuous UV-B supplemented UV-A (305 nm cut-off; 1.9 kJ UV-B BE m À2 h À1 ) or UV-A light (6.0 W m À2 ) and equal amounts of total RNA were analysed as described in Figure 3 . (b) RNA gel-blot analysis of ULI3 mRNA accumulation in wild-type seedlings after UV-B pulse irradiation. The seedlings were etiolated for 3 days (D) or etiolated seedlings were irradiated with two UV-B pulses (5 min day À1 ) and then transferred to darkness (UV-B ! D) corresponding to the conditions of the screening. RNA was extracted 2, 4, 8 or 24 h after the second UV-B pulse and total RNA (15 mg) was transferred and probed as described (Figure 3 (a) Histochemical staining of 3-day-old seedlings grown in darkness for 3 days or irradiated with two UV-B pulses (5 min day À1 ) and then transferred to darkness (UV-B) as described for the screening conditions. (b) GUS enzyme activity in 3-day-old seedlings. The seedlings were etiolated for grown in darkness for 3 days (D) or were irradiated with two light pulses (5 min day À1 ) with the corresponding wavelength as indicated and then transferred to darkness. All seedlings were harvested 24 h after the second light pulse. Data represent mean of three independent experiments with three different transgenic lines and error bars denote SEM.
ß Blackwell Publishing Ltd, The Plant Journal, (2003), 33, 591-601 cotyls and cotelydons of seedlings that were irradiated under the conditions of our UV-B screen. Consistent with the Northern analysis ( Figure 5 ), a weak enzyme activity could be detected already in dark-grown seedlings ( Figure  6a ), and UV-B pulses resulted in a fourfold increase of GUS activity 72 h after the onset of irradiation (Figure 6b ). In contrast, other light qualities (UV-A, B, R, FR) given as light pulses under the same time schedule failed to stimulate ULI3-driven GUS activity (Figure 6b ). These data show that ULI3 expression in etiolated Arabidopsis seedlings is exclusively induced by UV-B.
The ULI3-promoter is active in all organs except roots
The expression of ULI3 was UV-B specific only in young seedlings, as plants that has been cultivated for 6 weeks in the greenhouse showed significant ULI3-promoter:GUS activity in leaves, flowers and stems but not in roots ( Figure  7) . Within the leaves, the GUS reporter was preferentially found in veins and trichomes (Figure 7a ). In flowers, the expression was strong in veins, anthers and pollen, whereas the stylum was only stained in the apical part. No enzyme activity could be detected in the stigma and in the lower part of the pistil (Figure 7d ). In stems, ULI3:GUS showed a homogenous distribution (Figure 7c) . However, the reporter gene was not expressed in roots (Figure 7b) .
Cross-sections of leaves and stems showed that ULI3:-GUS expression was found in several cell layers (Figure 8) . However, the ULI3-promoter is preferentially active in the outer cell layers of these organs. In leaves, strong enzyme activity was found in the vascular tissue (Figure 8a ). In stems, the expression of the reporter gene seems to be confined to the cortical tissue (Figure 8b ). 
Discussion
We have isolated several A. thaliana mutants which show reduced inhibition of their hypocotyl growth after irradiation with UV-B pulses. These uli mutants were specifically insensitive to wavelengths between 300 and 320 nm and the lack of responsiveness within this range of the light spectrum is in agreement with described action spectra of UV-B-specific responses in wild-type plants (Jansen et al., 1998) . Other known photoreceptors are not affected in uli mutants as they exhibit no long-or short-hypocotyl phenotype after irradiation with FR, R, B and UV-A. These physiological studies show that uli mutants are specifically impaired in UV-B-mediated responses. Our data are in agreement with recent physiological analyses in Arabidopsis, which proofed that the hypocotyl elongation in UV-B irradiated seedlings is mediated by a UV-B sensor and not by known photoreceptor systems (Boccalandro et al., 2001; Kim et al., 1998) .
Light-grown uli mutants exhibited no phenotype with respect to their size, leaf-shape and flowering time as it has been described for phytochrome-and blue/UVA-light photoreceptor-deficient mutants (Cashmore et al., 1999; Smith, 2000) . This indicates a highly specific function of ULI proteins in UV-B-mediated signalling during early developmental stages.
It is unlikely that the hypocotyl response induced by our screening conditions is caused by UV-B-mediated DNA damage. When we checked the hypocotyl response of the photolyase-deficient uvr2-1 mutant (Landry et al., 1997) , which is hypersensitive to UV-B-mediated DNAdamage (Kim et al., 1998) , we could not find any difference to the wild type under our screening program (data not shown). In addition, we observed that high UV-B doses produced similar amounts of DNA dimers in uli3 mutants and in wild-type plants (data not shown). Thus, uli3 mutants are not affected in their capacity to repair DNA damage.
In this study, we concentrated on the most promising mutant, uli3, which is impaired in several UV-B-mediated responses including hypocotyl growth and UV-B-induced expression of CHS, PR1 and NDPK1a. This multiple insensitivity of UV-B responses suggests a role of ULI3 either in UV-B signal perception or in early signal transduction. This hypothesis is supported by pharmacological approaches in Arabidopsis that demonstrate that UV-B control of CHS and PR-1 is conveyed by different pathways (Christie and Jenkins, 1996; Green and Fluhr, 1995) .
ULI3 mRNA accumulated within 2 h after a UV-B pulse in etiolated seedlings and the expression was restricted to hypocotyls and cotyledons. This temporal and spatial pattern indicates that the long hypocotyl phenotype of uli3 is directly related to ULI3 expression in these organs. Continuous irradiation with white light also stimulated ULI3 expression, especially during later developmental stages with a preferential expression in the outer cell layers of leaves and stems and in some flower organs. Thus, the expression seems to be limited to organs exposed to light (and UV-B) as no ULI3:GUS activity was detectable in roots.
The protein structure of ULI3 does not obviously reveal a potential function as UV-B receptor, since UV-B absorbing chromophores or clusters of UV-B absorbing amino acids are absent in the sequence. The potential heme chromophores of ULI3 would not be suited to absorb specifically UV-B (Chapple, 1998) , but might act as electron acceptors during signal transduction. Such a process of electron transfer has been proposed as an early event during UV-B-induced signalling to CHS in Arabidopsis (Long and Jenkins, 1998) . ULI3 might represent an electron donor after excitation of a putative UV-B photoreceptor or it might sense UV-B-triggered changes of the cytosolic redox potential. It is well known that heme chromophores are involved in light-dependent electron transition, as has been shown, for instance, for cytochrome P450 reductases and P450 proteins (Chapple, 1998) .
Cytochromes P450 are also known to be involved in the biosynthesis of hormones, lipids and secondary metabolites of the plant (Bolwell et al., 1994; Mathews, 1985) . As the interaction of light and hormones in photomorphogenic events has been described recently (Garcia-Martinez and Gil, 2001; Yin et al., 2002; Zhao and Chory, 2001 ), a distinct function of ULI3 in this context cannot be excluded.
ULI3 is localised in the cytoplasm, but propably also partly attached to the plasma membrane, which represents a typical pattern for proteins containing a C1 domain. These proteins bind to membranes via interaction of membranelocated DAG. UV-B treatment of mammalian cell cultures causes the partial translocation of C1 domain-containing protein kinases from the cytosol to membranes, and this membrane attachment seems to be necessary for downstream signalling (Chen et al., 1999) . Although only a small portion of the overexpressed ULI3:GFP was bound to the plasma membrane, we did not observe a light-induced translocation of the ULI3:GFP fusion protein, at least in protoplasts. However, the use of this system might be not suitable to detect a partial translocation of the 20-30% of the protein that has been reported for UV-treated animal cells (Chen et al., 1999) .
In summary, the physiological features of the uli3 mutant resemble those of other Arabidopsis mutants, that had been isolated due to impaired responses to red, far-red or blue light and later found to be affected either in the function of a specific photoreceptor or in signalling triggered by this photoreceptor (Ahmad and Cashmore, 1993; Cashmore et al., 1999; Nagatani et al., 1993; Reed et al., 1993; Somers et al., 1991) . Our data place ULI3 close to a UV-B photoreceptor, where it might be activated by elec-tron transfer and in turn activates downstream elements of UV-B signalling by membrane attachment, electron transfer or both.
Experimental procedures
Plant material, light conditions and screening procedure of uli mutants For the screening of UV-B insensitive mutants we used a collection of 8000 T-DNA insertion lines of A. thaliana ecotype Wassilewskija (Feldmann and Marks, 1987) . Additional A. thaliana mutants defective in phytochromes (phyA-201, phyA-201phyB-5, Nagatani et al., 1993; phyB-5, Reed et al., 1993) , in cryptochromes (cry1 ¼ hy4-23 N, Ahmad and Cashmore, 1993; cry1cry2, Cashmore et al., 1999) and in both photoreceptor types (phyAphyBcry1, Hennig et al., 1999) were used to investigate UV-B-mediated hypocotyl growth in etiolated seedlings and were compared to their corresponding ecotype (Landsberg erecta, Ler). The screening program and subsequent hypocotyl growth assays were performed as follows: seeds were sown on four layers of water-soaked filter paper, stratified for 24 h at 88C in darkness and then irradiated for 24 h with continuous white light (10 W m
À2
) at room temperature to induce germination. Seedlings were then returned to darkness for 24 h at room temperature and then irradiated daily on two subsequent days with a 5-min UV-B pulse (5. ] using the general plant action spectrum normalised at 300 nm (Ries et al., 2000a) . Blue, red and far-red light sources were as described (Schä fer, 1977) .
UV-B radiation was produced by TL40W/12 lamps, UV-A by 36 W/73 lamps (Osram, Germany), a detailed description of the spectra and the cut-off filters is given in Ries et al. (2000b) . To remove damaging UV-C and UV-B irradiation cut-off filter glasses (Schott, Germany) with transmission at 280, 295, 305 and 327 nm were used. Continuous UV-B light was supplemented with UV-A by combining two TL40W/12 and one 36 W/73 lamp filtered through a 305-nm cut-off filter (6 W m
; 305-380 nm). The same light source combined with a 345-nm cut-off filter was used to generate continuous UV-A.
Molecular analysis of uli3
The close linkage of a single-locus T-DNA insertion to the mutant locus was established by analysing the co-segregation of kanamycin-resistance and UV-B hyposensitivity. The uli3 mutant was backcrossed to the wild type (Ws) and the descendants of the F2 progeny were examined. Co-segregation was observed among 19 of these lines. A 5.1-kb fragment of genomic DNA flanking the right border of the T-DNA was cloned by using plasmid rescue techniques (Feldmann, 1992) . Genomic DNA was isolated using standard procedures. Fragments flanking the left border were identified by PCR amplification with primers for the left border and ULI3-specific sequences. For the rescue with the ULI3 genomic construct, a 3.8-kb fragment was amplified from genomic DNA by PCR using a 5 0 primer containing an EcoRI (5 0 -GCGAATTCGCAGAGAA-GAAGCCCGCTGAGAAG-3 0 ) restriction site and a 3 0 primer (5 0 -CGGGATCCATGCCGGTTTGATCAATCTGTGC-3 0 ). This fragment was cloned into the pGPTV-BAR plant transformation vector (Ueberlacker and Werr, 1996) using the EcoRI and SmaI restriction enzyme sites. To create the 35S-promoter:ULI3-NOS-terminator construct, the ULI3 coding region was amplified from genomic DNA by PCR using primers containing 5 0 -and 3 0 -NotI sites. The fragment was subcloned into the pRT-O/Not/Asc vector and finally, cloned into the pGPTV-BAR-Asc transformation vector using the AscI restriction sites of the vector (Ueberlacker and Werr, 1996) . Plant transformation was performed as described (Bechthold et al., 1993) .
Localisation of ULI3
The full-length ULI3 cDNA was cloned between the BamHI/SmaI sites into pMAV4 (Zimmermann et al., 1999) after amplification with gene-specific primers containing the respective restriction sites. Parsley protoplasts were transiently transformed by electroporation and the localisation of GFP fused to ULI3 was observed by a fluorescence microscope (Zeiss, Oberkochem, Germany).
Northern analysis
Seedlings were either irradiated with the indicated wavelength or kept in darkness for 3 days, then directly frozen in liquid nitrogen and stored at À808C. RNA was isolated from frozen seedlings and tissue sections of plants using the RNAeasy kit (Qiagen, Hilden, Germany). Northern blots were prepared using 15 mg of total RNA and membranes probed with radioactively labelled ULI3, CHS, NDPK1a, PR1 and 18S DNA fragments according to standard procedures. The experiment was carried out three times.
Anthocyanin concentration
Anthocyanin levels were analysed from 3-day-old dark-grown or irradiated Arabidopsis seedlings following the protocol described in Batschauer et al. (1996) . Samples of four independent experiments were determined in duplicate.
Transgenic ULI3:GUS plants and GUS staining
The ULI3-promoter sequence was isolated by amplification of the sequence located 1,6 kb upstream of the start codon using sequence-specific primers and cloned into the XbaI site of the vector pPCV812 (Koncz et al., 1994) . Transformation of Arabidopsis wild-type plants (Ws) was performed as described (Koncz et al., 1994) . Histochemical staining and measurements of the b-glucuronidase enzyme activity were performed using standard methods (Jefferson et al., 1986 (Jefferson et al., , 1987 . For the histochemical staining seedlings were grown under screening conditions or the plants were grown in 8 h dark/16 h white light cycles for 6 weeks. Embedding of the organ sections in paraffin was performed as described by Jackson (1991) . GUS enzyme activity was measured with 30 seedlings per experiment.
